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We report on the magnetic resonance of J{HCq, powders in the frequency range 9-225 GHz. The
observation of an antiferromagnetic resonance below the phase transition at 40 K is evidence for an antifer-
romagnetically ordered ground state. In the normal state, above 40 K, the temperature dependence of the spin
susceptibilty measured by electron-spin resonance agrees with previous static measurements and is too weak to
be explained by interacting localized spins in an insulator. The magnetic-resonance linewidth has an unusual
magnetic-field dependence which is large and temperature independent in the magnetically ordered state and
decreases rapidly above the transition. These observations agree with the suggestionkh&\id a metal
in the normal state and undergoes a Mott-Hubbard metal to insulator transition at 40 K.

The superconducting transition temperatdrg, of cubic  ing an antiferromagnetically ordered ground state of
alkali metal A;Cq, fullerides has a simple relation to the NH3K;Cgy, with an ordered moment of /g /Cgq. In the
lattice constant: T, increases with the ionic size of the al- interpretation of the’>*C NMR (Ref. 8 it was assumed that
kali. This motivates the quest to synthesize large lattice paspins lie perpendicularly to the external field and the spin-
rameter fullerides with g in the (Go)®~ charge state. The flop (SP field is small, less than 1 T. The recent detection of
intercalation of ammonia into N&sG, increasedT, by  damped oscillations in zero-fieldSR (Ref. 9 is a further
nearly 20 K, from 10.5 K to 29.7 K.In contrast, supercon- signature of static magnetic moments below 40 K. Just like
ductivity was not detected at ambient pressure in,Ki§Cqg, the ground state, the normal state of MHCg, is also poorly
the ammonia intercalated stable phase gE.> According  understood. In particular, it is unknown whether above 40 K
to Raman scattering in NJK;Cqg, the charge state is itis metallic or insulating. Initially, the temperature variation
(Ce0)®™ and, at least along some directions, the nearestef y and *3C NMR T, of Ref. 5 were interpreted assuming a
neighbor interball separation exceeds substantially that afiarrow-band metallic normal state. Recent NMR Batare
Rb,CsG, a superconductor with one of the highest transi-analyzed assuming localized spins on thgiGns above 170
tion temperature$.The two materials differ in that Nfin- K. A further complication arises from the recently found
tercalation expands the lattice without changing the cubictructural transitiohdue to the ordering of the K-Njpairs
symmetry in NaCsGso while NH3K3Cgo has a face-centered at Ts=150K.
orthorhombic structure. Zhoet al. questioned the impor- The motivation for the present work is twofold: following
tance of lower symmetry since superconductivity is recov-Ref. 10 on Rbg, and CsG, we observe the antiferromag-
ered under hydrostatic pressure at a relatively high temperaretic resonancé AFMR) in NH3K;Cgo using a multifre-
ture (28 K at 14.8 kbar without any change in the quency spin-resonance technique. Our less detailed earlier
crystallographic structuréThey suggested that the smaller work'! was inconclusive in this respect. Below 40 K the 9
transfer integrals at ambient pressures suppresses superc@tz resonance spectrum of NKi;Cg is broad, and good
ductivity and favors a Mott-Hubbard transition to an insulat-sensitivity and a high-purity material are required for its
ing ground state. The observation by Iwasal® and by  detectiont* The AFMR in powders becomes narrower at
Allen et al® of a phase transition with no structural chahge higher fields and is an unambiguous evidence for the antifer-
at about 40 K and ambient pressure reinforces this view. Theomagnetic(AF) ground state. Second, we gain information
electron-spin resonancéESR intensity at 9 GHz disap- about the normal state from the ESR measured in a large
peared below 40 K but the static susceptibility, measured frequency range. Our normal-state ESR susceptibility data
by superconducting quantum interference devwis®UID),  agree with the static susceptibility data of Ref. 5 and point to
and the®*C NMR (Ref. 5 changed little. In spite of these a metallic system rather than an insulator with interacting
somewhat contradictory results, Iwaskal® concluded that localized moments.
the ground state is an antiferromagnet. Initially it was Several NHK;Cq, powder samples were prepared fol-
thought that the ordered magnetic moment is unusuallyowing methods described elsewhér8amples were sealed
small, ~0.01ug . Recently, Touet al® found that the'3C in quartz ESR tubes under low-pressure He. Powder x-ray
line is significantly broadened below the transition, indicat-diffraction showed them to be of high purity. The small re-
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) . FIG. 2. Temperature dependence of the linewidth, at vari-
FIG. 1. Spin-susceptibility of NgK3Cgo measured by ESR at9 ;5 frequencies M 9 GHz, O 35GHz, A 75GHz). The inset
GHz (M 0.3T) and 225 GHz ¢ 8.1T). The solid curve is the ghowsAH (in mT) above 40 K.

SQUID data from Ref. 5 measured A T after core electron dia-
magnetic susceptibility correctioiis is the structuralTy the mag-  phand metal may lead to the observed variatiory©F) as it
netic ordering, temperature. was originally suggested in Ref. 5. Electron-electron corre-
lation effects are needed to explain the large valug aff

sidual K3Cgo content was unobservable by x-ray diffraction the K;Cgq, parent compouridalso. The larger lattice con-
but increased the noise of the 9 GHz ESR spectrometer betants of NHK;Cy, Suggest a narrower band and even more
low 19 K. The main features of the ESR spectra were idenimportant correlation effects. There is a slight anomaly in
tical for all samples studied, and we show in our figures they(T) at the structural transitionTs. The transition is of
results from two samples. The 9 GHz ESR spectra were resecond order and affecjsin the range 50—150 K. The sen-
corded on a commercial Bruker spectrometer. The 35, 75sitivity of y(T) to the structural transformation is readily
150, and 225 GHz ESR were studied at the Budapest highinderstood if the material is a metal with strong electron
frequency spectrometer. Samples were slowty50K/h)  correlations since the freezing of molecular rotation is cer-
cooled from 300 K to 5 K. At 9 GHz only data between 20 tainly accompanied by a change in electronic structure. In
and 300 K are shown, as below 19 K residuaCg, dis-  summary, abovely the material is more likely a strongly
torted the spectra. ESR intensities apdactors were mea- correlated metal than an insulator with localized spins. Un-
sured with respect to standard calibrating samples. fortunately, a definite answer is not possible from thdata

In Fig. 1 we showy determined from the ESR intensity galone.
together withy measured in Ref. 5 by the SQUID technique.  Figure 2 shows the variation of the resonance linewidth
x of NH3K;Cq varies little through the 40 K transition for (AH) with temperature at various frequencies. The 40 K
all ESR frequencied, between 90.3 T) and 225 GHZ8.1  transition is marked by a sharp increaseAéd with decreas-
T). Our x data are in remarkable agreement with that of theing T. The 9, 35, and 75 GHz spectra below 40 K are char-
SQUID results of Iwasat al? in the full temperature range. acteristic of an AFMR of a powder in applied fields larger
The SQUID measurements were corrected for the core eleghan the SF field® the linewidth narrows and the resonance
tron contribution. ESR measures the spin susceptibility in théield shifts proportionally to the inverse of the applied field.
paramagnetic state and, if the applied field is large comparetihis is in contrast with paramagnetic systems wheselud-
to the SF field, in the AF state also. Only the perpendiculaing crystal-field effects AH is either independent of or
AF susceptibility is observed in such large fields. Theo-  increases witH. We rule out a spin-glass ground state, pro-
lar) susceptibility belowTy is x, =Nau24/(6kgTy), where posed in Ref. 12 for Rbgg, since we observed no thermal or
N, is the Avogadro number. From Fig. 1y, =1.3 magnetic history dependence. Also, were the ground state a
x10 3emu/mol and the ordered moment i  spin glass, there would be no simple explanation for the scal-
=0.9up/Cqo- ing of the line shape. As shown in Fig. 3, the 24 K line

The variation ofy(T) with T is difficult to explain with a  shapes are identical at 9 and 35 GHz if the magnetic field
“textbook” metallic or localized spin susceptibility. The axis is multiplied by the resonance fieldy. The close simi-
variation is too weak to originate from a Curie-Weiss tem-larity of the scaled line shapes is a characteristic feature of
perature dependence of localized spins. The threeAFMR in powders and implies a Hf, (1/f) dependence of
dimensional(3D) AF order sets in at a Nééemperature of AH below 40 K. As expected, belol=40K the resonance
Tn=40K. Between 40 and 300 k(T) decreases by a fac- field shift (not shown, Hy(T) —Hy(40K) scales also with
tor ~2.3 whereas a factor 4.25 would be expected from a/H, at 9 and 35 GHz.
Curie-Weiss behavior of antiferromagnetically correlated Between 75 and 225 GHz the linewidth depends little on
spinsy(T)=C/(T+Ty), whereC is the Curie constant. The fand does not follow the i, field dependencéFig. 4). To
fit of x(T) to a Curie-Weiss behavior witliy left as a free  explain this, we assume that in this range thieridrrowing
parameter leads tdy=120K in contradiction with the ob- of the AFMR line is compensated by gfactor anisotropy
served long-range 3D order at 40 K. On the other hand, theroadening linear irf. The g-factor anisotropy is a conse-
variation of y is larger than usually found in metallic sys- quence of the orthorhombic crystal structure of JkHCq.>
tems. Nevertheless, strong correlation effects in a narrowrFor simplicity, we assume in the following a uniaxial anisot-
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f-dependent contributior{Dashed line indicate$y.) Ay/y is as-
FIG. 3. Antiferromagnetic resonance at 24 K. Line shapes at $umed to be due to partially resolvgdactor anisotropy in both the
and 35 GHz are identical if the magnetic field scale is multiplied byAF and paramagnetic state.
the resonance fieldily. (Low intensity narrow impurity lines are

subtracted from the spectyaVe chose the normalizing constant Tn. On the other handH g in NH3K3Cqg is close to values

K=0.17T, the spin-flop fieldse measured at 5 K. in the RbG, and Cs@, fulleride antiferromagnet¥. The SF

. . field is Hsg=(2HgHA)Y? whereHg and H, are the ex-
ropy and that the principal axes of thjgensor coincide with sr=(2HeH ) £ 0

X h
the easy and hard axes of the AF state. In a single crystal tl“@O

hard and easy axis modes correspond to external fields pq%—rgg-t'h?rgngg?g |13_?Lf_|t_he order okTy, we expecHse
pendlcular and parallel to_the easy axis, respect&/%y.Ho The assignment of the resonance below 40 K to an AFMR
is larger than the SF f'eldHSF' the modes aré w. powder spectrum with g-factor anisotropy implies that the
=7v:VHpo=Hse The +(—) sign corresponds to the hard yy4adening is inhomogeneous. However, although the spec-
(easy axis mode,y.=y*Ay/2, where y=gug/h, Ay  tra are significantly broadened, the line shapes are Lorentz-
measures the anisotropy. In a powder of independent singign, which is characteristic of a homogeneous relaxational
crystals the spectrum has extrema aH,ryr  broadening. We do not know of any relaxational mechanism
= \/wzlyzii HS2 e (0=27f). We assume that the measured that could explain the data. It may be that the interaction at
linewidth AH=H r-\,;r— HArmg. A fit to this formula(Fig.  the boundaries of small domains with differing crystal orien-
4) with the free parameterslgr and Ay is in good agree- tations reduces the inhomogeneous broadening of the AFMR
ment with experiment. We find y=1300+200 ppm inde- and renders the line shape approximately Lorentzian. In this
pendent ofT below 40 K andHgg(5 K)=0.17 T. The anisot- case the values dfig andAy/y are only lower limits.
ropy in NH;K;Cqo is large in comparison withA y/y The ESR in the normal stai@bove 40 K has an inter-
=80ppm in the orthorhombic fulleride polymer RigCat  esting frequency and temperature dependéfag 2, inset
and Fig. 5. The linewidth, AH, can be decomposed into
80 AH(f,T)=AHy(T)+AH¢(T), where AH(T) is propor-
20K 6 Y tional to f. The frequency independent teryHy(T) has a
maximum at the structural transitiomg. This maximum is
observed in the 9 GHz linewidth but is hidden at higher
. " frequencies by the frequency dependent téfig. 2, inset.
30K * 200K As the transition is approached from above, molecular rota-
0 tions of the NH groups become slower and fluctuations at
0 50 100 150 200 : "
#(GHD) the Larmor frequenqy broaden the line. Below th_e transition
the molecular order increases gradually and the line narrows.
A static or slowly fluctuating disorder is the usual mecha-
nism for conduction electron-spin relaxation and a maximum
45K @ Y & is expected if the state is metallic.

An incompletely resolved-factor anisotropy is the most
likely origin of AH¢(T) in orthorhombic NHK;Cg. (AH is
independent of frequency in cubic ;&g.) AH¢(T)

FIG. 4. AH as a function off at various temperatures. The =HoA ¥/ is proportional tof up to 225 GHz at and above
narrowing of the AFMR is compensated at high frequencies by #0 K. As shown in Fig. 5Ay/y increases strongly as the
g-factor anisotropy broadeningSolid lines: fit, explained in text. ~ temperature approaché&g from above. They-factor anisot-
Inset: AH (in mT) is linear inf due to partially resolved-factor ~ ropy at 40 K (i.e., slightly aboveTy) is equal to the
anisotropy.(Dashed lines: linear fit. temperature-independent value in the AF state. The strong
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nonlinearity in the frequency dependence of the linewidth The observation of an AFMR below 40 K is an unam-
appears suddenly at temperatures slightly below 40 K. Thubiguous evidence for an antiferromagnetically ordered
fields up b 8 T do notsmear the transition. Such behavior ground state. The static susceptibility and ESR are compat-

. - ible with a paramagnetic metallic state at high temperature.
may be expected for an AF ordering with a large valuélgf This could happen if NEK Ca, undergoes a Mott-Hubbard

: I X fnetal to insulator transition. If this suggestion is true then
is smeared by magnetic fields. Thdactor broadening must NH3K sCqo is 0ne of the rare examples, and would be the

be .incomplete in the paramagnetic state for t.he same reas@jhly example among fulleride compounds, in which a Mott-
as in the AF state. Although at 45 K the ESR is several times${ubbard transition takes place at experimentally accessible
broader at 225 GHz than at 9 GHz the line shape is Lorenttemperatures.

zian in both cases. The ESR of high-purity Al is an example Support from the JSPS-HAS Japanese-Hungarian Coop-
for an incompleteg-factor anisotropic broadeniffyin a eration Program, the Hungarian State Grants OTKA
metal. In NHK3Cqp, the increase of thg-factor anisotropy 1029150, FKFP0352-1997, and HAS-TUB No. 04119 on
may be due to a gradual metal to insulator transition wheresolids in Magnetic Fields, JSR®FTF96P0010y the Min-

the motional narrowing due to the diffusion of conductionistry of Education, Science, Sports, and Culture of Japan, and
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